Abstract: The use of ultrasonic reflection is emerging as a technique for studying tribological contacts. Ultrasonic waves can be transmitted non-destructively through machine components and their behaviour at an interface describes the characteristics of that contact. This paper is a review of the current state of understanding of the mechanisms of ultrasonic reflection at interfaces, and how this has been used to investigate the processes of dry rough surface contact and lubricated contact. The review extends to cover how ultrasound has been used to study the tribological function of certain engineering machine elements.
INTRODUCTION
The nature of the interface between two solid materials is at the very centre of tribology. If the interface is unlubricated, then the way the asperities contact and the resulting true area of contact are important information. Without this it is not possible to predict or effectively model, contact stress, friction, contact fatigue, or wear. On the other hand, if the tribological interface is lubricated, then the thickness of that lubricating film and its physical properties are important. The successful protection of the contacting surfaces relies on the integrity and performance of the oil film.
Despite the fundamental nature of these requirements, experimental methods for their measurement have proved difficult to achieve. The problem is one of scale: asperity contacts are small and lubricant films are thin when compared with the dimensions of the components they separate. As conventional geometrical metrology tools are not suitable, the measurements require the transmission of some form of independent signal across the interface.
Electricity, heat, and light have all been used for these measurements and significant progress has been made. However, these methods require substantial modification to the component; either with the need for transparency, electrical isolation, or the use of surface mounted sensors. This review is concerned with the use of ultrasound as the measurement medium. The reflection or transmission of a high-frequency displacement wave (an ultrasonic pulse) at an interface does not suffer from these disadvantages. The approach can be used flexibly on many (but not all) real engineering materials and components.
When an ultrasonic wave strikes an interface it is either entirely or partially reflected. This phenomenon is widely used in non-destructive testing (NDT); where ultrasound is commonly used for inspection of cracks, internal flaws, and defects. There is a large body of work on the transmission, reflection, attenuation, and scattering of such acoustic waves in structures and liquids (see, e.g. [1, 2] ).
The kind of interfaces that concern tribologists, dry and lubricated machine element contacts, can be also measured in this way. A dry contact between two machine elements presents an interface consisting of individual asperity contacts and air gaps. A lubricated contact presents an interface consisting of a thin film trapped between two solid materials.
The review is divided into three parts; firstly, the development of the theoretical tools that have allowed the interpretation of reflected (or transmitted) ultrasound at a dry or lubricated tribological interface; secondly, how these tools have been used to understand more about dry contacts; and thirdly, some examples of where these techniques have found applications in machine element tribology.
RESPONSE OF A TRIBOLOGICAL INTERFACE TO AN ULTRASONIC WAVE
Ultrasound is a displacement wave at frequencies higher than those of human hearing. The waves are usually generated by the excitation of a piezo-electric material by a voltage pulse. The voltage causes the transducer to deflect. If the transducer is bonded or coupled to a solid structure then a mechanical displacement is propagated through the body. The two most common wave forms are longitudinal (where the vibration of the material is parallel to the direction of wave travel) and shear or transverse (where the vibration of the material is perpendicular to the direction of wave travel).
Reflection of ultrasonic waves at an interface
When an ultrasonic wave strikes a complete (i.e. perfectly bonded) interface between two materials it is partially reflected (see Fig. 1(a) ). The proportion of the wave amplitude that is reflected is known as the reflection coefficient, R.
The magnitude of the reflection coefficient depends on the relative mismatch between the acoustic impedances of the two materials (the acoustic impedance, z, is the product of the density, r, and the speed of sound in the material, c) according to
where suffices 1 and 2 refer to the materials on either side of the interface. If the interface is not perfectly bonded or there is a thin layer (thin compared with the wavelength of the ultrasound), then the proportion of the wave reflected is increased (see Fig. 1 
(b) and (c)).
A model for the reflection from such an interface was described by Kendall and Tabor [3] working on rough surface contact. They used a quasi-static approach to demonstrate that the reflection is a function of the stiffness of the interface, K (Fig. 1(d) ). Tattersall [14] , working on thin adhesive layers, came up with the same result. The reflection coefficient is then given by
The modulus of the reflection coefficient is then:
If the materials on either side of the interface are identical, then this reduces to a simple relationship between reflection coefficient and stiffness Figure 2 shows a plot of the reflection coefficient, predicted by equation (4), against frequency as the stiffness of the interface is varied.
Stiffness of an interface
A critical parameter in the ultrasonic response of a contact is the interface stiffness. This is defined as Fig. 2 The response of an interface to an ultrasonic wave (determined for a steel/steel contact) according to the quasi-static spring model equation (4) . As the interface becomes stiffer less of the wave is reflected Fig. 1 Reflection from interfaces (a) between perfectly bonded materials, (b) between partially bonded materials -rough surface contacts, (c) with a thin layer -lubricated contacts, and (d) the spring model assumption the nominal pressure, p nom , required to cause unit approach of the surface mean lines, u K ¼ À dp nom du
For a rough surface contact, this is a non-linear parameter. As the load on a contact increases, more asperities come into contact and the stiffness increases. The stiffness thus varies from zero (when there is vanishingly little contact) to infinity (when there is complete contact across the interface). It should be noted that this is a distributed stiffness (i.e. a stiffness per unit area of the interface). Convenient units are GPa/mm, because in tribology, pressures in giga-Pascals cause displacements of the order of microns.
If the interface consists of a layer of liquid (i.e. a lubricant) then the stiffness is determined from the layer bulk modulus, B, and the thickness of the layer, h
The speed of sound through a liquid, c, is related to the density r and bulk modulus by
Combining equations (6) and (7) gives the stiffness of a liquid layer in terms of its acoustic properties
Mass and damping at the interface
A more complete model of the interface incorporates its mass and damping behaviour. Baik and Thompson [5] incorporated the effects of mass m (per unit area) of the interface to give the result
For most tribological interfaces the mass is low (i.e. air gaps and a thin film of oil), so the prediction of equations (9) and (3) are very similar [5, 6] . They become more important at high frequency or when the interface is made up of a layer significantly denser than the surrounding media.
Krolikowski et al. [7] incorporated stiffness and damping (defined by a damping coefficient, h) to give
It should also be noted that the damping mentioned here is not the same as the squeeze film type damping that an oscillating lubricated contact can cause. Here the wavelength is large when compared with the thickness, so there is no lateral flow of the lubricant in the contact. Any damping is just that which the lubricant can afford by confined contraction and expansion. This is thought to be small when compared with stiffness effects. In most works therefore [5, [8] [9] [10] [11] [12] ] the basic spring model has been found to adequately describe experimental measurements of the reflection at an interface.
Continuum model of interface response
Several authors [13 -15] have described numerical continuum models of a multi-layered system response to ultrasonic waves. On the basis of the continuity of stress and strain at each boundary in the multi-layered system, these models can be used to predict the reflection and transmission of plane waves through a given system. Figure 3 shows a continuum model prediction of the reflection coefficient spectrum for 0.1, 1.0, 15, and 20 mm thickness mineral oil layers between two steel half spaces. This is essentially the impulse response function of the system, i.e. it gives the response of the system for an incident wave of unit amplitude. In Fig. 3 resonant frequencies are seen as sharp minima in the reflection coefficient Fig. 3 Continuum model predictions of the reflection coefficient spectrum from a layer of mineral oil between two steel elements (using the model of Pialucha and Cawley [15] . 
where c is the speed of sound in the lubricant layer, m is the mode number of the resonant frequency, and f m is the resonant frequency (in Hz) of the m th mode.
The application of such a continuum-based model of the multi-layer system can be useful where there is more than one layer present. Many bearing components have a special treated surface layer (either a coating or a modified layer). Depending on the difference in acoustic properties between the layer and the substrate, this extra interface can also cause ultrasonic reflection. Generally for modified surface layers (e.g. case hardening) there is minimal reflection at the layer substrate interface. However, for a soft or hard coating there can be significant reflection. If the coating is thick, then it is possible that the reflection can be separated spatially from the measured reflection from the interface. However, thin coatings may disrupt this required signal. These must be treated on a case by case basis.
Reflection from dry interfaces
The spring model approach provides a method for interrogating tribological contacts. The measurement of reflection can be readily related to the stiffness of the interface. This is useful qualitatively as stiffer interfaces indicate a more conformal contact or a thinner oil film.
For contacts made up of surfaces machined with standard engineering finishes (grinding, polishing, turning, etc.) the stiffness of the interface is such that it can be measured using conventional ultrasonic frequencies. The spring model describes the ultrasonic response well. This was demonstrated by Drinkwater et al. [16] for a range of rough surface contacts under load. The reflection coefficient is frequency dependent (Fig. 4(a) ) whereas the stiffness, as predicted by the spring model (equation (2)), is frequency independent (Fig. 4(b) ).
Reflection from lubricated interfaces
The same equations that describe the response of a dry interface to ultrasound (i.e. the spring model equation (4)) can be used for lubricated interfaces.
The stiffness of the oil film (equation (8) ) is used in place of the stiffness of the dry interface. Dwyer-Joyce et al. [17] demonstrated that this relationship holds for thin oil films where the wavelength of ultrasound is greater than the film thickness.
The thickness of most lubricant films (0.1-100 mm) is in the region such that the stiffness falls within that measurable by conventional ultrasonic test frequencies (,50 MHz). With thicker hydrodynamic oil films (more than 20 mm) resonances occur in the reflection spectrum (as shown in Fig. 3 ). The location of these resonant frequencies (where the amplitude has been completely transmitted) provides an alternative means of measuring film thickness. Figure 5 shows measured reflection spectrum obtained from a static oil film created by using thin shims to separate steel gauge blocks [17] . The reflection is frequency dependent (Fig. 5(a) ), but the film thickness determined via the spring model is frequency independent (Fig. 5(b) ). It is noted that as the reflection tends to unity (the curve corresponding to 15.9 and 19.5 mm films) the spring model becomes unstable and the predicted film thickness is variable. For a thicker film measured at higher frequency (Fig. (6) ) resonances occur in the reflection spectrum. The film thickness can then be determined from the location of these resonant frequencies (using equation (11)).
Interface response to other wave forms
Most work on tribological contacts has been performed using bulk longitudinal waves. The spring model analysis (and continuum model approach) is equally valid for bulk shear waves. The speed of sound in shear is used and the stiffness of the interface is that in the direction tangential to the interface (i.e. the rate of change of tractive force with lateral displacement).
The simultaneous use of shear and longitudinal waves in solid/solid contacts has attracted some interest. Nagy [9] examined rough surface contacts and so-called kissing bonds (with a finite normal stiffness but reduced shear stiffness). He used a normal and shear rough surface contact model [18, 19] to deduce the ratio of shear to normal stiffness (which is a function of Poisson's ratio only and thus independent of contact pressure), which successfully compared with experimental predictions. Krolikowski and Szczepek [20] performed similar experiments and again showed that the stiffness ratio was approximately constant with contact pressure. Baltazar et al. [12] introduced a model that allowed asperity contacts to be oblique (so that the stiffness ratio depends on the contact angle). They also observed an approximately constant stiffness ratio.
When an ultrasonic wave reflects from an incomplete interface there is a phase shift between incident and reflected waves. For the spring model analysis of identical materials the phase shift, f, of the reflected wave is obtained from equation (2) (setting
Again the result depends on the stiffness of the interface. Krolikowski and Szczepek [21] measured this phase shift from rough surface contacts of both steel and quartz and showed its dependence on contact pressure. The shear stiffness, K T , of a thin layer of fluid is a function of its kinematic viscosity, y , density, the layer thickness, and frequency according to [9] 
For most lubricants this stiffness is very low so the wave will be virtually all-reflected at the interface. However, some highly viscous liquids (e.g. molasses which is used as a shear transducer couplant) can transmit some ultrasonic shear waves. There are other wave forms commonly used in non-destructive testing, such as guided Lamb or Fig. 6 Measured reflection coefficient spectra for a range of fluid film thickness using a 25 MHz centre frequency transducer [17] Raleigh waves, but these have not been widely used in the study of tribological interfaces. A recent exception is the work of Drinkwater et al. [22] who generated guided waves in a flat plate (Lamb waves) and studied their attenuation when an elastomeric block was pressed onto the plate. Attenuation of the wave is caused by transmission through the interface into the block. In the paper a spring type model is used to predict this transmission, which depends on both the longitudinal and shear stiffness of the interface. In an experimental arrangement the stiffness of the interface was deduced both from Lamb wave (anti-symmetric and symmetric orders A 0 and S 0 ) attenuation and from bulk longitudinal wave reflection. Figure 7 shows the results; reasonable agreement was achieved between the two methods used for determining stiffness.
It is also interesting to note the hysteresis present during the loading cycle (as with the data shown in Fig. 16 ); this is attributed to adhesion at the interface.
Other ultrasonic response effects at an interface
One of the assumptions of the spring model is that the wavelength is large compared with the size of the 'gaps' in rough contact (the low frequency regime). When this is not the case and the surfaces are very rough or there are large voids at an interface, then these inhomogeneities will cause oblique scattering of a sound wave. Generally the nature of tribological interfaces found in engineering practice, when investigated with conventional ultrasonic frequencies (less than 50 MHz), is such that scattering effects are not observed. Margetan et al. [6] carried out experiments to study high-frequency reflection from a range of model interfaces. Figure 8 shows a plot of reflection coefficient recorded at an interface consisting of an array of cylindrical voids in an iron block (void diameter 0.36 mm and spacing 1.54 mm). The results demonstrate that the spring model agrees well for low frequencies; but a scattering model is required to predict higher frequency response. In these experiments, the void size is very much larger than would be expected in a rough surface interface; so the frequency at which the spring model starts to become invalid is much lower. A further phenomenon that occurs when an ultrasonic wave strikes an incomplete interface is the generation of higher-order harmonics. A change in pressure at the interface (by the passage of a wave) causes a change in the asperity configuration; this non-linear mechanical response causes so-called acoustic non-linearity. Investigators [23, 24] have observed the presence of a second-order reflection (occurring at twice the frequency of the incident pulse). Biwa et al. [25] showed that the amplitude of the reflected second-order harmonic is a function of both the interface stiffness and the second-order stiffness (i.e. d 2 p nom /du 2 ). As yet, measurements of second-order reflections have not been used to study contact conditions in tribological interfaces. Reflection at an artificial interface consisting of machined cylindrical voids. At low frequency the reflection agrees with a quasi-static spring model (QSM). At higher frequencies an independent scattering model (ISM) or secondary ray scattering model (SSM) must be used [6] 2.9 Generation and propagation of ultrasonic waves Figure 9 shows a typical apparatus for the generation and measurement of ultrasonic waves. A pulser/ receiver unit is used to generate a series of short duration voltage pulses. These are used to excite the piezo-electric transducer. An oscilloscope or PC digitizer card is used to capture and record the transducer signal. This is then passed to a PC for processing. In early studies the transducers have been bare piezo-electric materials bonded directly to the bearing element. These were pulsed continuously or with relatively long waveforms. More recently conventional ultrasonic NDT type transducers have been used. These consist of a piezo-electric element bonded to a rigid front face (known as a wear plate) and a damping backing material in a protective case. These types of transducer are designed to damp out any reverberation of the crystal after pulsing. This means that short duration pulses can be generated. These also have the advantage of being able to generate a wide band of output frequencies. This gives the possibility of measuring frequency dependence in reflected signals.
Three generic types of transducers are commonly used and are shown schematically in Fig. 10 . Longitudinal transducers generate waves where the direction of oscillation is parallel to the direction of propagation. These can be directly coupled to the specimen using an adhesive or gel ( Fig. 10(a) ), or bonded to a focusing lens and used immersed in a liquid bath (Fig. 10(c) ). Shear transducers generate waves where the vibration is transverse to the direction of propagation ( Fig. 10(b) ). Shear waves cannot propagate through liquids and so are not useful for measuring oil films (other than the presence or absence of a film).
The transducer frequency must be selected to match the interface being measured, such that a measurable reflection coefficient is expected. If the frequency is too low, for a given interface stiffness, then R tends to zero, if it is too high then R tends to unity. In both cases as the asymptote is reached the signal noise introduces large errors. For rough surface contacts frequencies in the range 200 kHz [3] to 90 MHz [7] have been used. Above 50 MHz the equipment becomes costly and also attenuation in the specimen bulk to becomes more of a problem.
MEASUREMENT OF DRY CONTACTS
When two nominally flat surfaces are pressed together the contact is made up of asperity contacts and air gaps. An ultrasonic wave will therefore be partially reflected and can potentially be used to determine the stiffness of the contact. Progress has been made by authors from both NDT and tribology communities. The former are concerned with a better understanding of how structural cracks reflect ultrasound, whereas the latter are more concerned with the behaviour of a rough contact.
Normal contact and rough surface contact models
The earliest work on the use of ultrasound to study rough contact was that carried out by Masuko and Ito [26] . They carried out reflection experiments using pairs of machined troostite (a silica-based mineral was used because it exhibited low acoustic scattering). They showed that rough interfaces reflected less of the wave amplitude than smooth interfaces and that reflection reduced with increasing contact pressure (see Fig. 11 ).
A more extensive set of data (this time recording the transmitted echo) was presented by Arakawa [27] . A range of ground steel surface pairs were pressed together and the amplitude of the transmitted wave recorded (normalized by the amplitude transmitted through a prefect contact). Figure 12 shows the transmission alongside measured profiles of the two surfaces pressed together. The surface profiles were recorded using a conventional stylus profilometer in a direction perpendicular to the surface lay (it is not clear from the paper but it is likely that there is significant directionality to the surfaces formed). The study also showed that increasing the ultrasonic frequency increased the amplitude of the reflected signal. Kendall and Tabor [3] were the first to analyse ultrasonic reflection behaviour in terms of asperity contact and stiffness. They studied the transmission through a point Hertz contact. Figure 13 shows the stiffness of the contact as it varies with applied load. The real area of contact is somewhat less than that predicted by Hertz and so the stiffness is lower. In elastic contact the expected relationship between stiffness and load is K / p nom 1/3 . If the deflection is plastic then an increase in load causes an increase in area but not contact pressure so K / p nom 1/2 . The data of Kendall and Tabor followed more closely the square root relationship. Fig. 12 (a) The height of a transmitted ultrasonic pulse through interfaces composed of two rough steel surfaces pressed together (test frequency 1.8 MHz) and (b) the corresponding surface profiles of the specimens recorded perpendicular to the surface lay [27] Fig . 11 The height of a reflected ultrasonic pulse from contacts between lapped, ground, and turned troostite surfaces (test frequency 5 MHz).
Redrawn after Masuko and Ito [26] Krolikowski and Szczepek [28] pressed hardened bearing steel platens together and measured the transmission of ultrasound through the interface with increasing pressure (Fig. 14) . The contact stiffness was then determined from a spring damper model (equation (10)) shown in Fig. 15 .
There are a variety of contact models that can be used to predict interface behaviour; typically they relate the approach of the surfaces, u, to the nominal contact pressure and real area of contact. The relationship between pressure and approach can be differentiated to give stiffness. Krolikowski and Szczepek [28] determined the interface stiffness using three published statistical models of elastic surface contact; these are plotted in Fig. 15 .
The agreement between the measurements and predictions is qualitative rather than quantitative. Similar comparisons have been explored by Drinkwater et al. [16] for a range of surface roughness specimens but this time using the numerical contact model of Webster and Sayles [32] based on measured surface profiles in elastic contact. Again the agreement is modest with the ultrasonic measurements leading to stiffer surfaces than predicted. A possible explanation lies in the fractal nature of rough surfaces. It is possible that the scale on which the ultrasound is sensitive is larger than that on which the surface-measuring device is recording the roughness. Essentially the mechanism of ultrasonic reflection does not take into consideration the finer asperities recorded by the profilometer.
Repeated contacts
The first loading of the contact takes place plastically. When the contact is unloaded the asperities have been flattened to a more conformal shape and the interface is stiffer. The ultrasonic reflection and interface stiffness changes during this process are presented in Dwyer-Joyce et al. [33] . Figure 16 shows a plot of stiffness and contact pressure for a series of loading cycles. The first cycle is largely plastic, whereas the subsequent reloading occurs largely elastically. However, the successive loading cycles do show a constant hysteretic behaviour; this was attributed to irreversible adhesion at the interface. Figure 17 shows a plot of a similar series of loading cycles but this time occurring at increasing end loads. The loading lines are contiguous, whereas unloads are virtually elastic. 
Determination of real area of contact
In the literature, there is some disagreement as to how the real area of contact might be deduced from ultrasonic reflection or transmission measurements. Kendall and Tabor [3] rightly point out that the stiffness of the interface is a function of the number and size as well as the distribution of asperity contact regions. Therefore, it is not possible to determine real contact area uniquely from stiffness. In Fig. 18 both contacts have the same real area of contact. Where the isolated of contact are closely packed ( Fig. 18(b) ) the stiffness is reduced (because the load on one contact region causes the deflection of the nearby regions). Where the contact regions are widely distributed ( Fig. 18(a) ) the interface is stiffer. Kendall and Tabor [3] carried out some simple experiments pressing cylindrical disks into a soft rubber block and showed that only when the contact regions are around three diameters apart (i.e. separated by a distance of around 6a) does the empty space between the contacts have any effect. This corresponds to a contact area ratio of about 10 per cent; so only when the area ratio is less than this can the individual contact regions be considered as acting independently.
If the contacts are assumed to be distributed then the stiffness of the interface can be determined from
where h is the number of asperity peaks per unit area, ā is the average radius of a contact region, E Ã is the reduced modulus, and g is a constant that depends on the pressure distribution across the contact region (being p/2 for uniform pressure and 2 for a Hertzian contact). Then for fully plastic contact regions the ratio of real area to nominal of contact is
where H is the hardness of the surface. Dwyer-Joyce et al. [33] used this simple model to interpret ultrasonic results. The interface stiffness of a rough surface contact was determined for a range of contact pressures. The data was then used in the simultaneous equations (14) and (15) to deduce the size (Fig. 19(a) ) and number ( Fig. 19(b) ) of asperity contacts.
The results show that the average size of a contact patch is approximately constant, whereas the number of contacts increases linearly with pressure. As the load on a contact increases, the existing contact regions grow in size but more new small areas are formed; the average contact spot remains approximately constant, whereas the number of spots increase linearly. This is consistent with the fact that friction coefficient is observed to be independent of load (Amontons' law of friction). For this to be the case, the total real contact area must grow in direct proportion to the load. As the real contact area is given by the number of contact spots Polijaniuk and Kaczmarek [34] suggest that the square of the transmission coefficient (On the basis of wave energy rather than amplitude) is a good measure of real area of contact. They measure the variation of reflection with pressure for 32 pairs of steel rough surfaces in contact (from R a ranging from 0.3 to 46 mm). They measured the bearing area ratio of the unloaded surfaces to estimate the residual contact area after elastic unloading. Figure 20 shows that they observed a closely linear correlation between transmission and bearing ratio.
Krolikowski and Szczepek [28] use a different approach. They suggest that damping at the interface can be used to determine real area of contact. When the frequency approaches infinity, the transmission coefficient reaches a limiting value T min deduced from equation (10)
and their assumption is that the real area of contact is equal to the square of this minimum transmission.
It should be pointed out that in other works [5, [8] [9] [10] 12 ] the effects of damping were found to be negligible. In the tests where identical materials are pressed together the reflection tends to unity (i.e. T ! 0) with both increasing pressure and increasing frequency. The results are fitted well by a simple stiffness model (without damping terms). However, the work of Krolikowski and Szczepek [28] is the first to go to such high frequencies (90 MHz) and perhaps at these high frequencies interface damping becomes an issue. It has been noted [27, 35] that for the first loading of a rough surface pair, the stiffness is approximately linearly proportional to the nominal pressure ( p nom ¼ cK ); see also Figs 15 and 16 . This provides a simple calibration route for maps of contact stiffness [36] . If the total load on a contact is known then the constant of proportionality can be determined easily (P ¼ S p nom ¼ cSK ). Another method is to carry out a completely separate calibration experiment to determine the relationship between K and p nom [37] . Specimens have to be cut from the same material with the same contact surface roughness. These are loaded in a hydraulic press and the reflection is recorded. The spring model is used to The relationship between transmission coefficient and the bearing area ratio for loaded steel surfaces with varying a range of roughness. Redrawn after Polijaniuk and Kaczmarek [34] obtain a stiffness that is calibrated against the nominal contact pressure. Clearly, the approach will only work for the first loading of two surfaces. The path of the unloading curve will depend on the previous load history. So unless this path completely follows that of the application it is not suitable as a calibration route. This approach has been used to produce contact pressure maps from simple point contacts and other interface geometries (as shown in Section 4).
Sliding contacts
Little work has been done to study features of sliding contact with ultrasound. The reason for this is probably one of experimental complexity. If wear takes place, then the debris particles trapped between the surfaces scatter ultrasound and can significantly change the reflection coefficient. There have been no attempts to date to quantify the effect of debris generation on sound transmission.
Kendall and Tabor [3] used both glass and steel surfaces in sliding (10 23 to 10 mm/s) and measured contact stiffness in the same way as for static surfaces. After a short sliding distance the surfaces become scratched and roughened causing the transmission and hence stiffness to fall. The same experiments were repeated with lead and indium surfaces. In this case, the acoustic transmission was seen to increase with sliding. They proposed that the area of contact increased with sliding distance and attributed the observation to junction growth (the size of individual asperity contacts increasing with the application of shear stress during sliding).
Contacts sliding at much higher speeds were investigated by Takeuchi et al. [38] with a pin on disk apparatus. They measured reflection from steel running against PTFE at 250 mm/s. They observed a correlation between friction force and transmission (see Fig. 21(a) ). As the real area of contact between two surfaces increases, both the friction and the transmission increase. In the study they also scanned the transducer across the sliding contact. In this way they were able to map out reflection and used the correlation between reflection and friction to produce a map of friction across the whole disk surface (see Fig. 21(b) ). They attributed the spatial variation in friction to local protective oxide films that modified the contact area and friction.
Surface roughening by wear causes significant change in the reflected ultrasonic pulse. Figure 22 (a) (extracted from Ahn and Kim [39] ) shows reflection monitored during a wear test carried out under three different regimes (mild, transitional, and severe). The progress of wear has caused the signal amplitude (and hence reflection coefficient) to drop. As the surfaces become rougher the stiffness reduces and the reflection increases. The reduced amplitude can be correlated with increased friction and wear depth (see Fig. 22(b) and (c) ).
Incidentally, these authors monitored the depth of wear using a time-of-flight method. As the material was removed the interface moved closer to the transducer. The time of arrival between the incident and reflected pulses therefore reduces. This reduction provides a suitable method for determining the wear depth. Ultrasound is commonly used as a thickness gauge in this way and has successfully been used to measure depth change due to wear in wear test samples [40] and engine liners [41] .
APPLICATIONS TO ENGINEERING COMPONENTS
The techniques described earlier have been implemented for the analysis of several machine element contacts. Generally this has been driven by a motivation to either improve the understanding of how the component works to enhance development or use as a tool for condition monitoring.
There follows a brief review of some of these Fig. 21 (a) The correlation between friction force (F ) and transmitted ultrasound (H F ) for a steel slider on a PTFE disk. A map of transmission has then been used to produce (b) a map of friction force across the test specimen surface [38] applications and an explanation of how ultrasound has been used as a diagnostic tool.
Mechanical seals
Mechanical face seals rely on one smooth ring spring loaded against a counterface. The contact is designed to operate with a thin fluid film or with a very light contact. Excessive contact quickly leads to surface damage, wear, and failure. This kind of seal is used extensively in rotating fluid machinery where seal failure can have catastrophic results. The work carried out by Anderson et al. [42 -44] has been to evaluate the use of ultrasound to measure the onset of excessive contact in both gas and liquid seals. Figure 23 shows the positioning of a piezo-electric transducer behind one of the seal faces for reflection measurements. They use both reflection and transmission measurements of shear and longitudinal waves to determine the onset of excessive contact in a seal apparatus for liquids [43, 44] and gases [42] , respectively. Figure 24 shows a typical result where the amplitude of the reflected wave is compared with the seal leakage rate. When the face seals are out of contact, in these experiments, the wave is virtually all-reflected. As soon as contact occurs the reflection drops and the leakage rate reduces. 
Bolted joints
Contact pressure is an important parameter in determining the fatigue life of a bolted joint. Typically in design guides the bolt tension is modelled as spreading away from the bolt in a cone with an apex angle of 2a. The extent of the contact pressure generated by a tightening bolt has been measured ultrasonically. Ito et al. [45] performed some spot measurements and used a calibration procedure to determine contact pressure from ultrasonic reflection. Figure 25 shows the contact pressure variation with radial distance from the bolt axis for two flange contact loads and two surface finishes.
More recently maps of the contact pressure in bolted joints have been created (see Fig. 26 ) using a similar approach by Marshall et al. [46] . In both cases, the ultrasonic results generally show that the measured pressure cone is more widely spread than theoretical predictions.
Press and shrink interference fits
Interference fits are a common method of joining rotating components (axles and wheels, impellers and shafts, etc.). A bush is press or shrunk fit onto a shaft of slightly larger diameter. The interference joint makes an ideal case for ultrasonic study because the contact area is large and relatively flat.
Tsao et al. [47] and Mott and Taszarek [48] recorded reflections from interference fit interfaces and were able to qualitatively relate low reflected signals to regions of high contact pressure. Lewis et al. [49] performed scans of model interference fits and used a calibration process to determine contact pressure (an example is shown as Fig. 27 ). The stress concentrations at the bush edges are clearly visible. In this work scanning focussing transducers were used. Their spatial resolution is typically 200 mm. So measurements up to this distance from the bush edge can be recorded. In this work several techniques to reduce edge effects were used and also a cavity was incorporated within the fit as a reference point. The authors were also able to ultrasonically image damage that had occurred at a press fit that had galled during assembly.
Wheel -rail contact
Possibly the biggest common concentrated contact occurs between a railway wheel and rail. Pau et al. [50] [51] [52] used a scanning focused transducer to map specimens of wheel and rail loaded together Fig. 27 Contact pressure map for an inteference fit (50 mm on a 50 mm bore) deduced from ultrasonic reflection [49] hydraulically. Figure 28 shows their experimental arrangement. Figure 29 shows a series of three maps of ultrasonic reflection recorded at increasing contact load. They used an image processing technique (calibrated using contacts of known size) to determine the nominal area of contact.
In a similar work, Marshall et al. [53] compared pressure maps with the solutions given by Hertz theory, an elastic numerical model, and an elasticplastic numerical model (see Fig. 30 ). The numerical models used real measured surface profiles from the wheel and rail specimens. The profiles were digitized and numerically overlapped; a matrix equation was set up to relate the surface deflections and the point loads at each node point. An iterative procedure was established to determine a compatible surface deflection profile and contact pressure distribution. Essentially the numerical model incorporates surface roughness and form effects, but still assumes that the contact bodies can be treated as infinite half-spaces.
The spatial resolution of a focusing transducer (in the range 0.1 -0.4 mm) means that these kinds of measurements are approximations only. The method at this time is also limited to planar contacts; so the simultaneous measurement of head and flange contact would be difficult. A challenge here would be to measure contacts in an operating wheel rail environment (in that case the contact movement would provide one axis of the 'scan').
Open and closed cracks
The most commonly studied application of ultrasound to study contacts has been that of structural cracks under compressive stress. The NDT community are concerned that if cracks are loaded, by either applied or residual compression, then they might allow ultrasonic transmission and so be harder to detect. It is not the purpose of this paper to review this large body of work in detail. Many of the approaches are similar to those used in the study of dry rough contacts. Haines [54] deduced interface stiffness from statistical models of rough surface contact and compared these with ultrasonic spring model predictions.
In several publications Wooldridge et al. [55 -57] showed that the ultrasonic reflection firstly depends on how the crack was grown, because roughness typically correlates with the stress intensity factor. Their experiments showed that the presence of a compressive stress causes the crack reflections to reduce considerably (up to 12 dB for a normal incidence signal). In several papers, the group of Thompson [5, 58, 59 ] have also studied this problem extensively. They have used models of the interface based on equi-spaced arrays of voids to define ultrasonic response.
Oil film thickness measurement in journal and rolling element bearings
Ultrasonic reflection has been used to measure oil films in a journal bearing [60] ; Fig. 31 shows the experimental arrangement. A planar transducer was glued to the outer face of the bush and reflection measurements recorded for a range of loads and speeds. The spring model approach was used to determine the oil film stiffness and hence its thickness. The temperature of both the oil film and the transducers were monitored. The acoustic properties of oil vary slightly with temperature, as does the output of the transducer. Both variations had to be accounted for in the measurements. Results were consistent with predictions of theoretical predictions of film thickness; Fig. 32 shows the film profile around the bearing circumference. Measurements of oil film thickness in an elastohydrodynamic lubricated (EHL) contact are more difficult. The transducer must be focused and positioned accurately with respect to the contact. The analysis is further complicated by the fact that the oil under EHL pressures has an elevated bulk modulus. This needs to be determined before the film thickness can be obtained from reflection measurements. Such a procedure is described in Dwyer-Joyce et al. [60] for a ball sliding against a flat plate. Highfrequency transducers (35 and 50 MHz) were used to achieve a small focused spot and film thickness resolution in the sub-micron range. The results from high-pressure viscometer studies were used to estimate the bulk modulus. Figure 33 shows the experimental arrangement and the results compared with theoretical steady state EHL solutions.
A focusing system has also been used to measure the oil film thickness in a deep groove ball bearing [61] . The transducer was set to pulse continually and only reflected pulses that were reduced in amplitude (when the ball contact was directly incident) were stored and processed. Figure 34 shows the experimental apparatus and Fig. 35 shows a set of film measurements recorded for a variety of bearing loads and speeds.
The agreement between the measured film thickness and predictions based on elastohydrodyanmic film thickness for a sliding point contact (where a is the radius of the contact) [17] theory is reasonable. It is not clear whether the variation in measured film (i.e. for a given load and speed) is caused by film variation in the bearing itself or repeatability of the technique. It should be noted that during these tests the temperature of the lubricant is not held constant (but rather rises as the bearing speed increases), thus one set of speed and load conditions can have two different values of predicted film thickness.
STATE-OF-THE-ART AND PROSPECTS FOR THE FUTURE
The response of an interface to a low frequency ultrasonic wave is well understood. There are suitable mathematical models to describe the process and these models give a good interpretation of experimental results. However, measurements of the contact stiffness of dry contacts still differs somewhat from that predicted by both numerical and statistical models of contact. Although there is good qualitative agreement, ultrasonically measured stiffness is somewhat higher than predictions. It is not as yet possible to account for these discrepancies, and ultrasound has not been able to reveal with certainty how many asperities are actually in contact. Agreement between ultrasonic experimental measurements from lubricated contacts has been much easier to correlate with theoretical predictions. There are second-order effects at the interface (scattering, damping, and higher-order reflections) that may also have an effect on ultrasonic response, especially at high frequencies. This is an area still under research and promises to be significantly more complex than the quasi-static approaches used to date. For most contacts found in engineering machine elements, it appears that this is not of concern and standard spring models give a satisfactory interpretation of results.
Both longitudinal and shear bulk waves have been used to investigate contacts. Essentially both have similar responses. However, the shear wave is fully reflected at a solid/liquid interface, whereas longitudinal waves are only partially reflected. The combination of normal and transverse waves promises to be a suitable technique for studying mixed liquid/ solid contacts found in boundary lubricated components.
The propagation of guided surface (Rayleigh) and plate (Lamb) waves has found many applications in the monitoring of solid structures. There has, as yet, been little work on this to study interfaces. This is another area with potential, as the actual contact area is frequently very small compared with the overall size of the machine element and locating it with a bulk ultrasonic wave is difficult. Perhaps ultrasonic excitation of a component surface could yield information about the interfaces.
The ultrasonic method has some significant advantages over electrical and optical-based methods. Principally it has the potential to be used non-invasively without extensive modification to the components. However, there are some limitations. The spatial resolution is a primary issue. Many tribological contacts are small (millimetre scale) and it is necessary to focus the ultrasonic wave. The degree to which a wave can be focused depends on the frequency and the transducer design. But practically focusing down to ,100 mm spot size is difficult. This is clearly a limitation for smaller EHL type contacts. The transducer must be orientated and acoustically coupled such that the wave is normally incident and focused on the contact. Again, for smaller contacts this requires the use of careful positioning. Another important consideration is that of attenuation in the bearing Fig. 34 Schematic of apparatus used for ultrasonic measurements of film thickness in rolling element bearings [61] Fig . 35 Comparison of rolling element bearing film thickness measured by an ultrasonic means with EHL theoretical solution [60, 61] materials. Polymers, elastomers, porous materials, and multi-phase materials may cause significant attenuation of the signal. In addition, inspection of equation (2) shows that when the acoustic impedances of the two materials on either side of the interface differ greatly, the reflection tends to unity. So the range of reflection coefficient over which changes in the interface properties can be studied is reduced. Ultrasonic measurements work best for contacting homogeneous metals. For attenuative materials or for contacting pairs of very different properties, the approach is more limited. Notwithstanding these limitations, there are many industrial machine elements where ultrasonic measurements of the contact have proved useful. There has been considerable work on specimenbased contacts, and recently several studies on actual components, albeit laboratory based. There is potential to use some of the techniques described here on industrial components in the field. The use of actively generated ultrasound in the field as a contact sensor is a challenge for the future. Condition monitoring has long relied on the detection of acoustic signals that follow a component failure. There is scope to extend the use of ultrasound as a tool to continually monitor healthy contacts.
CONCLUSIONS
The response of an interface to an incident ultrasonic wave is well understood. Workers from the nondestructive testing community have developed several approaches to interpret reflected and transmitted signals. Their motivation has generally been the study of fatigue cracks or adhesive layers.
The quasi-static spring model is widely used to predict reflection or transmission. The interface stiffness is the dominating feature; and models describe the ultrasonic response well. The prediction of stiffness for a homogenous layer (e.g. a lubricant film) is straightforward. However, the stiffness of a rough surface contact is less easy to define; and is based on rough surface contact modelling and all the asperity scale problems that this introduces.
Nevertheless, there have been several valuable studies where ultrasound has qualitatively described mechanisms occurring in rough surface contact; including cyclic plasticity, adhesion, asperity contacts, and junction growth. A new method for the measurement of lubricant films is also a valuable contribution to tribology.
There are now several examples of ultrasonicbased techniques being used in component tribology. This has provided new methods to measure contact pressure, real area of contact, sealing, and oil film thickness in machine elements.
These applications have largely been laboratory based. However, they indicate a potential for field testing also, and the possibility of applications in machine element condition monitoring.
